Abstract: An experimental set-up which enabled non-invasive, real-time reactive oxygen species (ROS) visualization on a whole plant level was constructed. In the test organism, Lemna minor L. (common duckweed), apoplastic and symplastic oxidative stress was evaluated by exposure to menadione (50 µM), menadione (50 µM) + ascorbate (100 µM) or neither for control. Menadione (50 µM) caused a statistically significant increase in H 2 DCFDA fluorescence in the apoplast after 60 minutes of exposure. The addition of ascorbate (100 µM) in the test medium significantly decreased apoplastic oxidative stress. 50 µM menadione caused an increase in symplastic H 2 DCFDA fluorescence in 57% of fronds. The exposure of L. minor plants to both menadione and ascorbate decreased the rate of fluorescence intensity accumulation in the symplast to control levels. The method has proven to be quick and straightforward and could be applied to a range of chemicals in various physiological and toxicological plant studies. The advantages of the set-up and different possible artefacts are discussed.
Introduction
Presently, oxidative stress is one of the more emphasized areas of research worldwide. Much research has been done in the past to quantify oxidative stress by various biochemical methods. Those included measurement of antioxidative enzymes (superoxide dismutase, glutathione reductase, catalase, etc.) or non-enzymatic antioxidants (glutathione, ascorbate, uric acid, etc.) or measurement of cellular damage (peroxidation of membrane lipids, nucleic acid or protein degradation, photosynthetic pigment loss, etc.). Less research has been carried out in the field of reactive oxygen species (ROS) visualization. Due to the extremely short life-span of ROS [1] and efficient cellular mechanisms that quench and detoxify them, it is difficult to directly visualize ROS. Therefore, detection techniques have to be very sensitive and fast. Additionally, problems with artefacts occur when one tries to insert a marker into the cell, as this is the usual way to measure actual intracellular oxidation processes [2] . Researchers also emphasize the importance of noninvasive techniques of visualization, if possible on whole organisms, as this is the only way to avoid damaging the test subject and generating artefacts [3, 4] . Interestingly, among the various plant visualization methods and markers used, fluorescent fluorochromes are relatively rarely employed [5] .
Dichlorofluorescin (H 2 DCF) is a fluorescent marker widely used for determination of H 2 O 2 [6, 7] , and for studies of oxidative stress at the cellular level [8, 9] . In cellular studies, dichlorofluorescein (H 2 DCF) is given as a diacetate ester (dichlorofluorescein diacetate; H 2 DCFDA), which permeates the plasma membrane and is hydrolyzed inside the cells by unspecific esterases yielding polar products, supposedly trapped within the cell. Non-fluorescent H 2 DCF is oxidized to fluorescent dichlorofluorescein (DCF), which is determined in flow cytometers, in fluorimeters after cell disruption or with fluorescent microscopes [8, 10] . A problem that occurs with intracellularly formed H 2 DCF is that it does not necessarily remain within the cytoplasm but rather can leak to extracellular media [11] , where it would be available for reaction with extracellular oxidants. Also, because of the non specificity of DCF, this marker is best applied as a qualitative marker of cellular oxidative stress rather than a precise indicator of H 2 O 2 [2] .
We report a method for real-time in vivo ROS visualization on a whole organism level with a cooled electron multiplying (EMCCD) camera. The use of an ultra-sensitive EM-CCD camera allowed us to use low level excitation light which did not induce significant photobleaching of the fluorescent probe. The test organism in the study was Lemna minor L. (common duckweed), a free-floating monocot macrophyte commonly used in laboratory studies [12] . It consists of photosynthetically active fronds and root-like structures, which also contain chloroplasts. An additional benefit of using plants in this non-invasive technique is their inherent trait of containing esterases in the apoplast [13] [14] [15] [16] . This enabled us to observe either apoplastic or symplastic ROS formation in the test plants after exposure to 2-methyl-1,4-naphtoquinone (menadione), a commonly used ROS inducer [8, [17] [18] [19] [20] [21] [22] , with slight modifications in the fluorescent dye loading protocol.
Experimental Procedures

Plant material and growth conditions
Lemna minor L. (common duckweed) plants were collected in a local stream and cultured under controlled conditions. They were rinsed with 0.01 M NaOCl for 30 sec to prevent algal outgrowth. A stock culture was grown in 3 l glass containers in a modified Steinberg growth medium containing 3.46 mM KNO 3 
Measuring apparatus set-up
Immediately after the addition of the chemicals to the test vessels, the vessels with the exposed plants were transferred to the measuring chamber where they remained throughout the experiment. The plants were continuously illuminated (15 µ mol m −2 s −1 PAR) with a 450 nm high power LED (LED-450-01U, Roithner Lasertechnik, Austria) with a band pass filter 447 ± 30 nm (Semrock FF01-447/60-25, USA). An illumination ring was used to ensure optimal and homogenous illumination. Images were captured by an EM-CCD camera (L3Vision CCD65, e2v Technologies, UK) equipped with a band pass filter 536 ± 20 nm (Semrock FF01-536/40-25, USA) using Movie box deluxe frame grabber and Pinnacle Studio Plus V9.42 software (both from Pinnacle Systems, USA). EMCCD is a quantitative digital camera technology that is capable of detecting ultra-weak light whilst maintaining high quantum efficiency, large dynamic range, and fast frame rates, achievable by way of the electron multiplying structure built into the sensor.
Data acquisition and extraction
One second digital video clips were captured with a frame rate of 24 images per second at each designated incubation time (0, 30, 60, 120, 180, 240, 300 and 360 min). Individual digital images were extracted from the video clips and the first 10 averaged to reduce noise using custom made software. The obtained averaged digital images were then specifically analyzed according to the H 2 DCFDA loading protocol. In the apoplastic ROS generation studies, the fluorescent signal from the medium was analyzed whereas in the symplastic studies the fluorescent signal from individual L. minor fronds was analyzed. Four areas (109 pixels each) of the fluorescing medium per treatment were measured in the apoplastic studies, whereas one area per individual frond was measured in the symplastic studies (all fronds were analyzed, not only the fluorescing ones). The result was calculated as the average grey value of the selected areas. The same areas were followed for analysis at each time interval.
Statistical analysis
All data were analyzed by computer software MS Excel 2003 and GraphPad Prism 4 for Windows. Two-way analysis of variance and Bonferroni post tests were performed on fluorescence data. The number of experiment repetitions, replicates and statistical significance is indicated in the figure captions.
Results
Method validation
Several experiments were performed prior to the main experiments to ensure method validity. We estimated the effect of AAPH, a peroxyl radical generator, and H 
Visualization of ROS generation
Throughout the experiment, the test vessels with whole, intact L. minor plants were in the measuring chamber. Therefore, besides fronds, roots can be seen in some images. A digital colour photograph of a typical test vessel set-up can be seen in Figure 1 . Several controls were included in the experiment. No fluorescence increase was observed in test vessels 1, 3, 4, 6, 7 and 9, therefore only the test vessels 2, 5 and 8 were further analyzed (for details of exposure conditions, see Figure 1 ). In the apoplastic ROS visualization experiments, where H 2 DCFDA was present throughout the experiment in the test medium, we observed an increase of fluorescence in the test medium and L. minor roots (Figure 2a ). In the symplastic ROS visualization studies, where L. minor plants were preloaded with H 2 DCFDA and the marker was rinsed from the loaded fronds before the experiment, we observed a strong increase of fluorescence in some L. minor fronds exposed to 50 µM menadione (Figure 2b ) and also an increase of fluorescence of the medium in the case of 50 µM menadione treated L. minor (observe the increase of medium fluorescence in Figure 2b ).
Apoplastic ROS generation
The strongest fluorescence in the test medium was detected in the test vessels of 50 µM menadione treated L. minor plants (Figure 2a) . The signal increased less over time in menadione (50 µM) + ascorbate (100 µM) treated plants and the least in the control plants. Also, strong and fast fluorescence increase was observed in the roots of 50 µM menadione treated L. minor plants.
Menadione caused a statistically significant increase in fluorescence of the test medium containing H 2 DCFDA after 60 minutes of exposure compared to control and after 120 min compared to both menadione and ascorbate treated L. minor plants (Figure 3) . The addition of ascorbate (100 µM) to the test medium decreased the fluorescence intensity accumulation so that significant increase compared to control values was noticed only after 240 min. We calculated maximal slopes of individual fluorescence curves from apoplastic fluorescence data and normalized them to control. Menadione caused the biggest increase in fluorescence intensity, indicated by the largest slope (3.11±0.11 A.U. min
−1
). Both menadione alone and the mixture of both menadione and ascorbate(1.53±0.11 A.U. min −1 ) caused the fluorescence intensity to increase significantly (p < 0.0001) faster compared to control (1.00 ± 0.03 A.U. min −1 ).
Fig. 1
Digital colour photograph of a typical test vessel set-up containing whole L. minor plants. In the bottom middle and right test vessel, the roots can be seen. All vessels contain L. minor growth medium. The vessels additionally contain: 1 − 50 µM
Symplastic ROS generation
We observed a strong increase of fluorescence intensity accumulation in 57% of L. minor fronds which were pre-loaded with H 2 DCFDA and exposed to 50 µM menadione (Figure 2b ). Since we analyzed all pre-loaded fronds to remain impartial, this increase of symplastic fluorescence intensity accumulation of menadione treated plants was not significantly different from control ( Figure 4 ). The exposure of L. minor plants to both menadione and ascorbate lowered the symplastic fluorescence increase to control levels. After 120 min we Lemna minor plants were pre-loaded with H 2 DCFDA for 2 hours prior to exposure to the tested chemicals. At time 0, L. minor plants were exposed to 50 µM menadione (M), 50 µM menadione +100 µM ascorbate (M + A) or neither for control (C). In the apoplastic studies (a) the measurement areas are indicated by the black circles whereas in the symplastic studies (b) the measuring areas are indicated by the white circles. The same areas were measured at all designated times.
measured an insignificant decrease in the average fluorescence in all treatments (Figure 4 ). The fluorescing dye was not entirely retained in the symplast but instead, flowed outside the plant tissue into the surrounding medium in which we observed a 2.2-fold increase of fluorescence in the case of 50 µM menadione treated L. minor (observe Figure 2b) . 
Discussion
We have constructed an experimental set-up which allowed us to visualize ROS generation non-invasively in real-time, on a whole plant level. Most of the plant ROS visualization studies were otherwise performed on cell cultures [7, 9] . The main drawback of these studies is dubious extrapolation of results to intact higher plants where the cells originated from. Several authors reported ROS visualization in higher plants [6, 23] but using very invasive plant tissue processing techniques. We were primarily interested in visualizing ROS non-invasively and therefore did not process the test plants. The main advantage of using an ultra-sensitive EMCCD camera was that we did not influence the experimental system. Measuring light intensity of 15 µM m −2 s −1 PAR was much lower than the light intensity under which the plants were grown (160 µM m −2 s −1 PAR), which indicates that nonphotochemical fluorescence quenching was not induced. Thus the low measuring illumination did not influence the photosynthesis significantly but at the same time provided enough excitation light to obtain a good measuring signal. Additionally, the low excitation light did not quench dichlorofluorescein significantly (Figure 2, Figure 4) as is often the case when this dye is used in fluorescence microscopy [24] . The decrease in symplastic fluorescence after 120 min (Figure 4) could be attributed to a flux of the dye from the symplast to the surrounding medium [11] .
Fig. 4
Symplastic ROS visualization -increase of Lemna minor fronds' fluorescence over time. L. minor plants were pre-loaded with H 2 DCFDA for 2 hours, then transferred to test vessels with fresh growth medium prior to exposure to the tested chemicals. L. minor plants were exposed to 50 µM menadione (M), 50 µM menadione + 100 µM ascorbate (M + A) or neither for control (C). The results represent digital fluorescence signal originating from the fronds as indicated in Figure 2b . All fronds were measured, to insure impartiality of the results. Values presented are means ± SE from a single experiment (n = number of fronds marked by white circles in Figure 2b) . A.U. -arbitrary units.
The metabolism of menadione creates substantial quantities of superoxide and secondarily, via enzymatic or spontaneous dismutation, hydrogen peroxide in isolated hepatocytes [17] . It was also used as a ROS inducer in yeast cells [8] , fruits of Capsicum annuum [18] , glial cells [19] , Pisum sativum [20] , Arabidopsis thaliana cell culture [21] and Arabidopsis thaliana plants [22] . Ascorbate, on the other hand, is -besides glutathione -the plants' main low molecular weight antioxidant and can directly reduce superoxide as well as hydrogen peroxide [25] . We measured a significant reduction of fluorescence intensity accumulation in the apoplastic experiments (Figure 3 ) when ascorbate was added indicating its quenching of ROS generated by menadione. Plant cells have a substantial extracellular antioxidative potential fuelled by the action of cell-wall peroxidases which use apoplastic antioxidants, mainly ascorbate and phenolic substances, as reducing agents [26] . Extracellular antioxidants, unlike intracellular ones, which are continually replenished by reserves of NADH or NADPH, have to be transported into the cell to be recycled; this process takes time [26] . By adding ascorbate to the test medium we have thus effectively reduced the magnitude of oxidative stress induced by menadione. The number of fronds or frond area did not exhibit a major influence on H 2 DCFDA fluorescence when compared to the effect of menadione (Figure 2) .
The resulting fluorescence observed in the test medium containing H 2 DCFDA was the result of the combined action of plant apoplastic esterases and ROS (Figure 2a, Figure 3) . The apoplastic esterases cleaved the H 2 DCFDA present in the medium to H 2 DCF. Nonfluorescent H 2 DCF was then oxidized to fluorescent dichlorofluorescein (DCF) by ROS generated by the apoplast of the stressed plants. Since H 2 DCFDA must be hydrolyzed by the action of unspecific esterases to non-fluorescent H 2 DCF which can be oxidized to fluorescent DCF [10] , esterases must be present and active. Therefore, it could be argued that H 2 DCF would be a better marker of apoplastic oxidative stress since it would not need unspecific esterases to become oxidized. However, it is known that pectin methyl esterases are ubiquitous enzymes in plants [14] , present in the cell wall. They are necessary for cell wall reassembly and degradation [15] and their transcripts were found in all plant tissues [16] . Less is known about their specificity, but according to our results, it is evident that esterases which hydroxylize H 2 DCFDA to H 2 DCF are abundant in the apoplast (Figure 2a ). A similar increase of H 2 DCFDA fluorescence in the medium where Lemna gibba was present was reported by Kandeler (1993) [13] . Additionally, the investigated organism or cells must not be damaged to such an extent that the unspecific esterases would be inactivated. In our preliminary studies, we observed little or no fluorescence from fronds and the complete lack of fluorescence from the roots when L. minor plants were exposed to 500 µM menadione (not shown). This was probably due to too intense toxicity of the tested menadione concentration which resulted in the death of root cells and consequent esterase inactivation. Therefore, prior to the main experiments, we determined the concentration of menadione that initiated strong fluorescence increase, but was not lethal to the plant cells (observe the fluorescing roots in Figure 2a) . Thus, the ester form of fluorescein (H 2 DCFDA) is a more appropriate choice for apoplastic ROS detection since it also tests for too acute stress which would otherwise result in false negative results.
We observed high variation of symplastic fluorescence (Figure 2b and Figure 4) , probably due to differences in H 2 DCF uptake. Kandeler (1993) [13] proposed that this uptake is an active process, mediated by carriers of gibberelic acid-like substances. The author reported high fluorescent signals in Lemna gibba plant tissue after 5 − 6 hours of dyeloading. In itself this would not pose a problem as we would simply extend the loading period. However, in the preliminary experiments we discovered that after long loading periods (16 h), most of the H 2 DCF was already oxidized to fluorescent DCF prior to the addition of the investigated chemicals. Thus, we measured no increase in the fluorescence of 16-hour pre-loaded L. minor fronds after exposing them to menadione. This is probably due to normal metabolic processes which always generate ROS [25] combined with the action of endogenous peroxidases, which can induce H 2 DCF oxidation without the presence of ROS [2] -note the slow but constant fluorescence increase in control L. minor plants (Figure 2) . Additionally, we observed that the dye was not entirely retained in the symplast but instead, flowed outside the plant tissue into the surrounding medium in which we observed a 2.2-fold increase of fluorescence in the case of 50 µM menadione treated L. minor (observe Figure 2b) . Therefore, one could consider using the more expensive, carboxylated, form of H 2 DCFDA (carboxy-H 2 DCFDA) because of its better membrane permeability and better retention in the intracellular space [11] . According to our results, it could be argued that yeast cells [8] or plant cell cultures [7, 9] are probably better test subjects than L. minor plants for intracellular ROS generation studies. This is primarily because of their big surface-to-volume ratio that enables faster dye uptake and thus short loading periods. In such assays, the loading medium is removed after a relatively brief period of loading (10 − 20 min), the cells are rinsed to remove the non-absorbed dye, homogenized and centrifuged. Fluorescence is then measured in the supernatant and thus intracellular oxidative stress is estimated. The loading times needed to load L. minor plants with adequate quantities of H 2 DCF proved to be too long to ensure good experimental reproducibility in symplastic studies.
Conclusions
We have constructed an experimental set-up which enabled us to visualize menadioneinduced ROS formation in vivo on a whole plant level, non-invasively. The high sensitivity of the measuring system allowed us to use a weak excitation light which did not induce significant photobleaching of the fluorescing probe. We have observed that the addition of ascorbate to the test medium containing menadione decreased apoplastic and symplastic oxidative stress in L. minor plants. The assay is quick and straightforward and can be applied to a range of chemicals in various physiological and toxicological plant studies.
